Drug-delivery systems for chemotherapeutics have the potential to provide a method to maximize the localization of the drug into tumor tissues while minimizing normal tissue toxicity [11] [12] [13] [14] . Previous studies have shown that tumor tissues in general are characterized by poorly organized vascular architecture, irregular blood flow and reduced lymphatic drainage. These properties are exploited by drug delivery systems of appropriate sizes to accumulate in tumor tissues via enhanced permeability and retention (EPR) effects [15] [16] [17] . Blood vessels in normal tissues have tight inter-endothelial junctions (usually having a diameter of less than 7nm), which do not allow extravasation of these drug carriers into normal tissues thus reducing normal tissue toxicity. The tumor endothelial pore cutoff size for most of the tumor types ranges from 100 nm to 780 nm [18] which allows extravasation of these drug-loaded, drug-delivery vehicles into the tumor, thus increasing bioavailability of the drug inside the tumor. Hence, in order to reduce systemic toxicity of docetaxel and improve its bioavailability to the prostate tumor, we have developed techniques to synthesize and characterize ultrasound-responsive, docetaxel-loaded nanodroplets (Doc-nd). We have also evaluated the cytotoxic effect of Doc-nd on prostate tumors in vitro using a human prostate cancer cell line (LNCaP). These nanodroplets exhibit ultrasound-responsive properties due to the presence of perfluorocarbon-15-crown-5-ether (PFCE) in their core [13] . PFCE imparts cavitating properties to the nanodroplets. When nanodroplets accumulate in the tumor due to EPR effect and tumor-directed ultrasound is applied, these drug-loaded nanodroplets transform into oscillating, cavitating bubbles resulting in a very high, efficient localized release of the drug into the tumor [13] therefore increasing its bioavailability.
Our long-term goal is to test the hypothesis that MR-guided HIFU (MRg-HIFU) can be used as a tool to activate docetaxel-loaded nanodroplets (Doc-nd) localized in the target prostate tumor (in vivo) hence killing cancer cells effectively while significantly reducing normal tissue toxicities leading to a much improved therapeutic ratio. The present study is the first step in testing the above hypothesis and reports the preparation of the novel drug-delivery formulation (docetaxel-loaded, ultrasound-sensitive nanodroplets) and its characterization with respect to their sizes, morphology, encapsulation efficiency, release profile and in vitro cytotoxic properties against human prostate cancer cells. Synthesis of docetaxel-loaded PFCE nanodroplets (Doc-nd) Doc-nd was prepared by the solid dispersion technique. This technique has been used by other research groups for synthesizing paclitaxel formulations [11] [12] [13] 19] . Briefly, 1mg (0.1%) of Doc (obtained from 5mg/100 µl of stock in dimethyl sulfoxide) and 20mg (2%) of amphiphilic block co-polymer PEG-PDLA were co-dissolved in 1ml of tetrahydrofuran (THF). The THF was then evaporated under gentle nitrogen stream at 60 °C or evacuated in a vacuum at room temperature. The residual gel matrix consequently obtained was dissolved in 1ml of phosphate buffer saline (PBS, pH 7.4) to form polymeric micelles. Empty micelles (without drug) were formed in the same way. The micellar solutions obtained were sterilized by filtration through 200 nm filters. Subsequently, an aliquot of sterilized PFCE (20 µl-2%) was introduced into this micellar solution and the mixture was emulsified on ice externally using a 20 kHz ultrasonic processor (VCX500, Sonics and Materials, Inc; CT, USA) at 35% amplitude. Thus empty nanodroplets (2%PFCE/2%PEG-PDLA) and Doc-nd (0.1%DTX/2%PFCE/2%PEG-PDLA) of the given composition were synthesized.
Materials and Methods

Materials
The concentration of Doc (0.1%) used for encapsulation in the nanodroplets was in accordance with our previous in vivo (5mg per kg) Doc related studies [20] [21] . Amphiphilic block copolymers, which are composed of both hydrophobic and hydrophilic segments, have the capacity to self-assemble into nanoscale spherical structures with a hydrophilic outer shell and a hydrophobic inner core [22] [23] [24] . Poor water soluble drugs can be incorporated into the hydrophobic part while the hydrophilic outer shell exists as a stabilizer for the system. These systems are often termed as micelles [11] [12] [13] . PEG is used as the hydrophilic outer shell due to its biocompatibility, low toxicity, negligible antigenicity and immunogenicity [13, 14] . To become ultrasound responsive (i.e. to be able to convert into bubbles under the action of ultrasound), perfluorocarbons are added to these micelles and sonicated to form nanodroplets [11] [12] [13] 25] .
Characterization of Doc-loaded PFCE nanodroplets
Size distribution and surface morphology: The mean diameter and size distributions of the nanodroplets were measured at 25 ºC by dynamic light scattering (DLS) at a scattering angle of 90° using a DynaPro Plate Reader (Wyatt Technology, Santa Barbara, CA) equipped with a temperature controller. Morphology of the nanodroplets was visualized using a 60X objective of the Nikon Eclipse inverted TE 2000 optical microscope (Tokyo, Japan) and images were captured using an attached CCD camera (Cascade 650, Roper Scientific, NJ).
The particle diameter statistics were also obtained by analyzing bright field images of nanodroplets using ImageJ (Image processing and analysis in Java). ImageJ is a public domain, Java-based image processing program developed at the National Institutes of Health (http://imagej.nih.gov/ij/). A measurement scale was set by drawing a line between two points of known distance using the Set Scale. The option 'global' was checked to apply this scale to all image frames. Feret's diameter was chosen as a measuring parameter in Set Measurements. Five independent fields from the acquired images were selected randomly and analyzed individually. For each visual droplet on the image, a line was drawn manually from one point to another point such that the maximum diameter of the droplet was covered. From the "Measure" option, the diameter of the droplet was obtained.
In vitro release kinetics:
The release of Doc from Doc-nd was assessed in PBS (pH 7.4) [27, 28] . One ml of Doc-nd (0.1%DTX/2%PFCE/2%PEG-PDLA) was diluted with 9 ml of PBS to get 10ml of the suspension in a screw-capped tube and placed in an orbital shaker (Bellco Biotechnology, Vineland, NJ), which was maintained at 37 °C and shaken horizontally at 120 rpm [27] . At specific time intervals (5 min, 30 min, 1h, 3h, 6h, 12h and 3 days), the tube was taken out of the shaker and centrifuged at 13200 rpm for 10 min at 4 °C. The precipitated nanodroplets were re-suspended in 10ml of fresh buffer before being returned to the shaker until the next specific time interval. This was done to keep the incubation medium at a constant volume. The supernatant was analyzed for free Doc concentration by measuring UV absorbance at wavelength 227nm. It should be indicated that the concentration of released Doc was corrected for the dilution due to adding PBS.
In vitro cytotoxicity/proliferation study: Cell cytotoxicity of Doc-nd (0.1%DTX/2%PFCE/2%PEG-PDLA), empty nanodroplets (empty-nd) (2%PFCE/2%PEG-PDLA) and free Doc were assessed by cell proliferation reagent WST-1 (Roche Applied Science, Indianapolis, IN). Human prostate cancer LNCaP cells were obtained from the American Type Culture Collection and cultured in Dulbecco's modified Eagle's medium, (DMEM)-F12 medium, containing 10% fetal bovine serum (FBS), 1% L-glutamine and 1% penicillin-streptomycin. LNCaP cells (5x10 3 /well) were seeded in 96-well plates. After 24h, adhered cells were exposed to free Doc (the same concentration as used for encapsulation in the nanodroplets) and Doc-nd (in separate experiments) at 37 °C and at 5% CO 2 for different time intervals (2min, 5 min, 15min, 30 min, 1h, 3h, 6h, 12 h, and 3 days). After specific time points, cells were washed with PBS and fresh media with serum was added. Cells were then allowed to grow for 3 days at 37 °C and an assay was performed using WST-1. It was read at wavelength 450nm on the Envision 2102 Multilabel Reader (Perkin Elmer, Waltham, MA). The data were expressed as a percentage of untreated/control cells.
All experiments were performed in independent triplicates. Each result is presented as mean ± SD with n=3.
The particle size distribution for both Doc-nd (0.1%DTX/2%PFCE/2%PEG-PDLA) and E-nd (2%PFCE/2%PEG-PDLA) when measured by the DLS method is presented in Figure 1B and 1A respectively. The peak size of 222±15 nm for Doc-nd was found to be greater than the peak size for E-nd (184±25 nm) indicating an increase in size after encapsulation of docetaxel in the nanodroplets. The size distribution obtained for Doc-nd would be optimal for favorable accumulation of these into the tumor via the EPR effect, as most tumors have pore cutoff sizes ranging from 150nm to a micron [13, 16, 17] . Sizes larger than mentioned above may cause clogging of blood vessels when used for intravenous injections for in vivo experiments. Empty PEG-PDLA micellar solution was found to be 89±20 nm (peak size) and Doc loaded PEG-PDLA micelles were found to be 110±15 nm (data not shown). This increase in micellar size again indicates encapsulation of docetaxel. To this micellar solution, PFCE was added to form nanodroplets. Typically, with PFCE and PEG-PDLA micellar solution, bimodal distribution of nanodroplets is observed indicating a mixture of micelles and nanodroplets [13] . On the basis of size of empty and docetaxel-loaded PEG-PDLA micelles, the size distribution of nanodroplets suggests that smaller sized particles in these represent micelles. Thus, the nanodroplets obtained after emulsification of the micellar solution with PFCE contain both micelles and nanodroplets. We reported earlier that the micelle/droplet ratio decreases with an increasing PFCE concentration; micelles disappeared at a PFCE concentration of 5% indicating transfer of all block copolymer onto droplet surfaces [13] . In the present work, we have used 2% PFCE and 2% PEG-PDLA to form nanodroplets based on our previous studies [13] . This composition was used to prepare nanodroplets which favor the EPR effect thus allowing efficient extravasation into the tumor tissues. Further optimization with respect to a different concentration of PFCE and PEG-PDLA (with and without Doc) was not the scope of the present work and will be done in the future if needed based on the in vivo studies.
Drug encapsulation efficiency:
The encapsulation efficiency was calculated by an indirect method using the following formula: Encapsulation efficiency (%) = [Total drug added (µg) -free drug (µg) / Total drug added (µg)] x 100 [26] . For this, 1 ml of Docnd (0.1%DTX/2%PFCE/2%PEG-PDLA) was centrifuged (Eppendorf Centrifuge 5415D, Hauppauge, NY) at 13200 rpm for 10 min at 4 °C [27] . The supernatant was removed and analyzed for free Doc concentration by measuring UV absorbance at 227nm using a NanoVue Spectrophotometer (GE Healthcare, Pittsburgh, PA) [14] . To determine the exact drug content, an absorbance calibration curve of known Doc concentrations (10-1000µg/ml in DMSO) was obtained at 227nm. A graph was plotted between the known concentrations and absorbance. From this graph, a linear equation was obtained which was used to determine the exact concentration of free Doc in the supernatant.
Data Analysis
Results and Discussion
Size distribution by dynamic light scattering (DLS)
The high magnification optical microscopy suggested that all nanodroplets (both Doc-nd and E-nd) had a fine spherical shape. Bright field microscopy image at 60X for Doc-nd is shown in Figure 2A . The image indicated a heterogeneous mixture of nanodroplets i.e. droplets of varying sizes. Some droplets in the micron range were also observed in these images which were not seen in dynamic light scattering data. Perhaps these droplets avoided measurement by DLS due to precipitation to the bottom of the cuvette during the measurement process. Each nanodroplet structure corresponds to the schematic diagram as shown in Figure 2B . The central portion consisted of a PFCE loaded liquid core surrounded by a docetaxel-loaded hydrophobic part of the block copolymer and stabilizing outer-most hydrophilic portion of the polymer. In order to check the consistency of the size measurements with independent techniques, images as obtained after visualizing nanodroplets using high magnification optical microscope were also analyzed for size/diameter using ImageJ. One-hundred nanodroplets from each of the five randomly selected fields were analyzed individually (for both Doc-nd and E-nd). The size distributions (diameter) were grouped in different size ranges and frequencies (number of droplets in each size range) were obtained ( Table 1 ). The image analysis data was found to be comparable with DLS data (Figure 1) . The highest frequency/number of droplets were found to be in the diameter range of 200-250 nm and 150-200 nm for Doc-nd and E-nd respectively (Table 1 circled with red). These are similar to the peak size of 222±15 nm for Doc-nd and peak size of 184±25 nm for E-nd as measured using DLS. Image analysis distribution (Table 1 ) also showed some droplets in a range of >550 nm for both E-nd and Doc-nd. These large sized nanodroplets are not seen in the DLS data (Figure 1) . Thus, measuring size distribution using Image analysis is more advantageous than measuring by using only DLS since it provides more complete information about heterogeneity of the nanodroplets.
Surface morphology
Size distribution by image analysis Table 1 : Size distribution analysis for images using software package ImageJ. The data shows the size distribution statistics with respect to diameter for empty (2%PFCE/2%PEG-PDLA) and docetaxel-loaded (0.1%DTX/2%PFCE/2%PEG-PDLA) nanodroplets. Details are mentioned in previous section.
Encapsulation efficiency was determined to obtain the total amount of the drug (docetaxel) present in the nanodroplets. It was detected by measuring the non-incorporated drug present in supernatant after separation of nanodroplets by centrifugation. A calibration curve of known docetaxel concentrations (10-1000 µg/ml) was plotted against absorbance at 227 nm ( Figure 3A ) and the following equation was obtained.
Docetaxel encapsulation efficiency Y=0.0011X+0.0465
(1)
Where Y is the absorbance value and X is the Doc concentration. The standard curve for the absorbance of Doc was linear over the range of 10-1000 µg/ml with a correlation coefficient of R 2 = 0.995. Using the formula given in section 2.3.2 and equation (1), the encapsulation efficiency of Doc-nd (0.1%DTX/2%PFCE/2%PEG-PDLA) was found to be 93.70%. We have obtained very high values of encapsulation efficiency of Doc loaded in Doc-nd in comparison with Doc being loaded in other drug delivery systems like nanoparticles as published in other studies [14] . The perfluorocarbon in the core of the nanodroplets make these systems ultrasound-sensitive. Ultrasound is used to activate the release of docetaxel from these drug-delivery vehicles leading to increase in bioavailability. Other drug-delivery systems like nanoparticles do not have perfluorocarbon and rely only on natural degradation of the polymer for release of the drug. The release of Doc at 37 ºC from Doc-nd (0.1%DTX/2%PFCE/2%PEG-PDLA) in PBS (pH 7.4) was evaluated by measuring UV absorbance at wavelength 227 nm. The exact Doc concentration was calculated using absorbance values in equation 1 and these values were plotted with respect to time as showed in Figure 3B . The in vitro release mode of docetaxel from Doc-nd appeared to be three-staged. The profile revealed an initial burst of Doc release of ~30% in the first hour. Subsequently, the release of the Doc was at a constant rate showing release up to ~50% until 12h. After three days ~85% of the Doc was released in the medium from the nanodroplets. Figure 3B features the controlled release pattern of Doc-nd, which might contribute to the prolonged circulation of these vehicles in vivo. The release profile would be helpful in our future in vivo studies in determining specific time points for the use of tumor-directed ultrasound to activate nanodroplets to release its entire drug loading and thus increasing tumor treatment efficacy while reducing the toxicity to the normal tissues.
In vitro release profile
Cytotoxicity of Doc-nd (0.1%DTX/2%PFCE/2%PEG-PDLA) against human prostate cancer LNCaP cells was measured using WST-1 assay (Figure 4 ). Cell viability was reduced to ~50% when incubated with Doc-nd for 2 min and decreased at a steady rate to ~ 30% for up to one hour of incubation. During the 6h of incubation, the cell viability was more or less stabilized at ~30%. This initial decrease of the cell viability indicated that docetaxel is being released steadily from Doc-nd with time. After 12 h and up to 3 days, the viability increased from 30% to 42%. This increase in cell viability could be attributed to the growth of resistant and/ or survival cells. These results indicated a controlled release profile of Doc-nd when compared with cell viability for an equivalent concentration of free Doc. Only ~20% cells survived when incubated with free Doc regardless of their incubation time (Figure 4) . These results suggested that the concentration of free Doc used was high enough to induce 80% of cell killing with a probable loss of cellular reproduction capabilities as we did not observe an increase in viability upon a longer incubation time with free Doc when compared with Doc-nd. When the same concentration as of free Doc was encapsulated in nanodroplets (Doc-nd), cell viability increased and a sustained release cytotoxicity profile was observed. The controlled (time-dependent) cytotoxic release profile (Figure 4 ) also proves that Doc is encapsulated in the polymeric nanodroplets and is not readily available for cells to act upon as free Doc molecules of equivalent concentration. In an independent experiment, LNCaP cells were incubated with E-nd (2%PFCE/2%PEG-PDLA) and cell viability was assayed. The empty nanodroplets were found to be non-toxic to cells (data not shown) suggesting biocompatible properties of both PFCE and block co-polymer (PEG-PDLA) used in the synthesis of nanodroplets. Empty nanodroplets were also tested for their non-drug related toxicity in vivo on healthy male nude mice. We injected each of the three healthy mice with the empty nanodroplets twice a week, 15 times and monitored weight change over the course of 4 months. We found no significant weight change for these mice (unpublished data).
In vitro cytotoxicity study
We have developed techniques for synthesis of the ultrasound-responsive Doc-loaded nanodroplets. We have characterized the novel formulations in terms of size and morphology. We have performed experiments for studying release kinetics and cell cytotoxicity studies. These studies are the first steps in realizing our long-term goal of increasing prostate cancer treatment efficacy by novel approach using Doc-loaded nanodroplets with MR-guided high intensity focused ultrasound exposures, while minimizing drug related toxicities. The efficacy of treating prostate cancer with this new approach under MR-guidance is currently being investigated in vivo using tumors grown orthotopically in the prostates of nude mice.
Conclusion
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